ABSTRACT Satsuma (Citrus unshiu [Mak] Marc.) and Clementine (Citrus reticulata [Hort.] Ex. Tanaka, cv Oroval) are two species of seedless mandarins differing in their tendency to develop parthenocarpic fruits. Satsuma is a male-sterile cultivar that shows a high degree of natural parthenocarpy and a high fruit set. Seedless Clementine varieties are self-incompatible, and in the absence of cross-pollination show a very low ability to set fruit. The gibberellins (GAs)
developing ovaries at anthesis and 7 days before and after anthesis, from both species. Except for GA8, levels of the 13-hydroxy-GAs were higher in Satsuma than in Clementine, and these differences were more prominent for developing young fruits. At petal fall, Satsuma had, on a nanograms per gram dry weight basis, higher levels of GA53 (10.4x), GA44 (1 3.9x), GA1, (3.0x), GA20 (1 1.2x), and GA1 (2.0x). By contrast, levels of GA8 were always higher in Clementine, whereas levels of GA4 did not differ greatly. Levels of GA, were very low in both species. At petal fall, fruitlets of Satsuma and Clementine contained 65 and 13 picograms of GA1, respectively. At this time, the application of 25 micrograms of paclobutrazol to fruits increased fruit abscission in both varieties. This effect was reversed by the simultaneous applications of 1 microgram of GA3. GA3 alone improved the set in Clementine (13x), but had little influence on Satsuma. Thus, seedless fruits of the selfincompatible Clementine mandarin may not have adequate GA levels for fruit set. Collectively, these results suggest that endogenous GA content in developing ovaries is the limiting factor controlling the parthenocarpic development of the fruits.
Initial indications that GAs may be involved in set and development of citrus fruits are associated with the observation that exogenous applications of GA3 improve fruit set of certain citrus species and cultivars, such as Clementine ' Financial support, through fellowships to M.T. (Instituto Nacional de (20) . Seedless Clementine mandarins are self-incompatible, and in the absence of cross-pollination show a very low ability to set fruit. Conversely, many cultivated species of citrus set naturally seedless fruit. Satsuma mandarin (Citrus unshiu [Mak] Marc.), a male-sterile cultivar, normally shows both a high degree of parthenocarpy and a high fruit set.
Typically, GA applications to Satsuma cultivars have not been effective in increasing fruit set (2) . Qualitative analyses of endogenous GAs performed by GC-MS indicated that members of the 13-hydroxylation pathway (GA53, GA44, GA39, GA20, GA1, GA29, and GA,) are predominant in developing ovaries of Satsuma (9, 23) . Of these GAs, only the two inactive end products of the early 13-hydroxylation pathway, GA29 and GA8 were detected in Clementine (23) . This GA pathway also appears to be present in both reproductive (16, 21, 25) and vegetative tissues (17, 21, 25) of Citrus sinensis (L.) Osbeck.
Additionally, reproductive organs of citrus also contain, at lower levels, non-and 3,B-hydroxylated GAs such as GA24, GA25, GA9, and GA4 (9, 16, 21) . Gibberellin A3 and/or iso-GA3 have been occasionally detected in vegetative shoots (17) and developing fruitlets (25) of C sinensis, as well as in developing ovaries of Satsuma and Clementine (23) . However, because commercial applications of GA3 in citrus are usual, the identification of these compounds as endogenous components has been questioned (16, 17) . In C sinensis, we have shown that parthenocarpic mutants with a fruiting potential similar to the seeded genotype also have the same pattern of GA accumulation and practically the same amounts of GAs (21) . We have also suggested that the inability of Clementine mandarins to set a high percentage of parthenocarpic fruits appears to be associated with lower levels of endogenous GA-like substances (23) . In the present investigation, we report the main GAs from developing fruits of Satsuma and Clementine mandarins. We also note the ins were selected for these studies because both yield exclusively seedless fruit (14, 23 8 .0, and the solution was purified by PVPP chromatography as described (21) . The extract was absorbed to a 1.0-g column of PVPP and the column was eluted with 60 mL of the same buffer. The eluate was adjusted to pH 2.5 and applied to a column of charcoal:Celite (1:2, w/w) adsorption chromatography (24) . Ten milliliters of 0.1 M K-Pi buffer at pH 8.2 were added previously to the elution flask and the GAs were eluted with 800 mL of 80% acetone. The acetone was removed and the aqueous phase was adjusted to pH 2.5 and partitioned against EtOAc as described above.
The organic fractions were reduced to a small volume and purified by silicic acid:Celite (1:2, w/w) adsorption chromatography (24) . The GAs were eluted with 200 mL of chloroform:EtOAc (2:3, v/v). Five milliliters of water (pH 8.0) were added to the eluate and the organic solvents were removed under reduced pressure. The pH of the extract was adjusted to 8.0 and the extract was further purified by anion exchange chromatography with a 10-cm long column of QAE-Sephadex-25 (21) .
After application of the sample, the column was washed with 3 volumes of water at pH 8.0 and the GAs were eluted with 4 volumes of 1.0 N acetic acid. The pH of the eluate was adjusted to 7.0 and the extract was evaporated to dryness.
The residue was subjected to C18 reverse phase HPLC as described previously (24) . The HPLC fractions were collected at 1-min intervals from 5 to 37 min. The samples were methylated and trimethylsilylated as before (24) . The MeTMSi derivatives of the GAs were analyzed by GC-MS using a JEOL AX 505 double-focusing mass spectrometer coupled to a Hewlett-Packard 5890 gas chromatograph. The samples were coinjected with an extract of Parafilm (7) to provide the relative retention times (KRI) into a Hewlett Packard Ultra 2 fused silica capillary column (22 m x 0.32 mm, 0.52 ,um film thickness). Gas chromatography and MS operating parameters were as described (24) . Reference spectra and KRIs from authentic GAs (GA4, GA53, GA44, GA19, GA20, GA,, GA8, GA9, and 3-epi-GA1) were used for comparison. The samples were then purified in a column of charcoal:Celite and partitioned against EtOAc as described above. The samples were purified by silicic acid adsorption chromatography and further by QAE-Sephadex-25 ion exchange chromatography as described above. The eluate of the QAESephadex column was reduced to a small volume and adjusted to pH 2.5. The extract was then passed through a Sep-Pak cartridge. The cartridge was washed with 5 mL of 5% acetic acid in water and then with 5 mL of water. The GAs were eluted with 5 mL of 80% aqueous methanol (21) . The dried eluate from the Sep-Pak cartridge was subjected to reverse-phase HPLC (24) . Residual contaminating compounds were removed from the methylated samples as described (21) . Quantitative GC-SIM analyses for GAs were carried out essentially as described before (24) . The derivatized samples were analyzed by GC-SIM with magnetic field switching using the same instrument and column utilized in the qualitative analyses.
The concentrations of GA53, GA44, GA19, GA20, GA,, GA8, (5) . In this experiment, levels of GA53, GA44, GA19, GA20, GA1, GA8, GA4, and GA9 were quantified.
RESULTS

Fruit Set and Abscission in Satsuma and Clementine Mandarins
The pattem of fruit growth in seedless Satsuma and Clementine mandarins follows a sigmoid curve, as described for citrus fruits (1) . A comparison between the fruit growth and the abscission rates in these two species has been published elsewhere (23) . Clementine develops smaller and lighter ovaries and fruits than Satsuma (Table I) (Fig. iB) . In Satsuma, GA3 had no effect on the abscission of fruitlets (Fig.  1A) . Exogenous GA3, however, suppressed PP333-induced abscission in both varieties. 
Identification of GAs in Satsuma and Clementine Mandarins
The following 13-hydroxy-GAs were identified in 42 DAF fruits from Satsuma and Clementine mandarins: GA53, Putative 16,17-dihydro-17-hydroxy-GA53 (4, 10, 24), GA44, GA17, GA19, GA20, GA29, GA1, 3-epi-GA1, and GA8 (Table  II) . In addition, these fruits contained nonhydroxy-GAs, such as GA24 and GA9, and 3fl-hydroxy-GAs, such as GA4. The identification is based in the comparison of mass spectra and KRIs with those from authentic GAs (GA53, GA44, GA19, GA20, GA1, 3-epi-GA1, GA8, GA4, and GA9) or from published data (GA17, GA29, GA24, and 17-OH-GA53) (22) . Analyses were repeated twice on samples harvested in two consecutive seasons. None of these analyses showed the presence of GA3, a compound previously detected in ovaries at anthesis of Satsuma and Clementine mandarins (23) .
Quantification of GAs in Satsuma and Clementine Mandarins
Quantification of GA levels was carried out on two independent harvests corresponding to the seasons of 1990 and 1991. In the first harvest, the contents of GA53, GA44, GA19, GA20, and GA9 were measured in developing ovaries and fruits of Satsuma and Clementine mandarins at three different stages of development: 7 d before anthesis, at anthesis, and 7 d after anthesis. The following year, a second experiment was performed to quantify the levels of GA53, GA44, GA19, GA2 GA1, GA8, GA4, and GA9. Although the two experiments showed similar results, Figure 2 reports data from the second and more complete experiment. Of the GAs quantified, GA8 was generally the most abundant (concentration up to 180 ng. g dry weight-'), with progressively lower concentrations of GA19, GA20, GA44, GA53, GA4, GA1, and GA9 (about 1 ng-g dry weight-'). It is clear in Figure 2 that on a ng.g dry weight-' basis, levels of the 13-hydroxy-GAs, GA53, GA44, GA19, GA20, and GA1 were higher in Satsuma than in Clementine. The differences in the levels of these GAs were more prominent as the young fruits were developing. During pre-anthesis and in comparison with Clementine, developing ovaries of Satsuma contained higher levels of GA53 (1.5x), GA44 (9.5x), GA19 (2.7x), GA20 (2.5X), and GA1 (1.1X). In ovaries at anthesis, the differences between Satsuma and Clementine in the levels of these GAs increased. At petal fall, these differences were the highest, with the following increases of Satsuma over Clementine: GA53 (10.4x), GA44 (13.9x), GA19 (3.0x), GA20 (11.2x), and GA, (2.0x) . In contrast to these GAs, the levels of GA8, the last member of the 13-hydroxylation pathway, were higher in Clementine than in Satsuma in the three stages studied (1.7-to 2.2-fold) (Fig. 2) . Of the endogenous GAs detected in Clementine, GA8 was by far the most abundant. In both varieties, GA8 levels increased progressively as the fruits were growing. The concentration of GA4 was similar in ovaries of Satsuma and Clementine mandarins. Levels of GA9 were very low in both varieties. However, two independent quantifications showed that GA9 was higher in fruits at petal fall of Satsuma than in those of Clementine (Fig. 2) . It is also interesting to examine the pattem of GA change when the levels of GAs are expressed in absolute values (e.g. pg. fruit-'). On this basis, the absolute amount of GAs in Satsuma increased progressively (data not shown) as the young fruits were developing (GA4 excepted). However, in Clementine, this increase only occurred up to anthesis. Furthermore, ovaries at petal fall of Clementine mandarins contained lower levels of GA53, GA20, GA1, GA4, and GA9 than ovaries at anthesis.
In all cases analyzed, the amounts of GAs per fruit were also higher in Satsuma than in Clementine. Table III illustrates this observation, showing the GA levels measured during two consecutive seasons (1990 and 1991) in developing fruits at petal fall (7 DAF). In these analyses, it is clear that fruitlets of Satsuma had higher levels of GA53, GA44, GA19, GA20, GA1, GA8, GA4, and GA9 than those of Clementine.
DISCUSSION
Citrus species usually produce an excessive number of flowers, which is common for many tree fruit varieties. After (8) and grapes (12) , parthenocarpic fruits contain higher levels of GA-like substances than seeded fruits. In C sinensis, however, the GA content of seedless and seeded genotypes, as examined by GC-MS, follows the same pattern of change and does not differ qualitatively, although the parthenocarpic mutant has slightly greater amounts of GAs (21) . Mandarin-type Citrus, on the other hand, are often selfincompatible and have an unstable set-drop mechanism. This may result in massive fruit drop, as in Clementine. Seedless cvs of Clementine also develop smaller fruits (Table I) and show lower parthenocarpic fruit set ( Fig. 1) than seedless cultivars of Satsuma. In contrast to Satsuma, Clementine mandarins will respond to application of GAs increasing fruit set (20 and Fig. 1 ), the GA being more effective when applied between anthesis and petal fall (6) . For both varieties, however, application of PP333, an inhibitor of GA biosynthesis (19) , increases fruit abscission, and this effect is completely suppressed by exogenous GA3 (Fig. 1) .
These results suggest that a reduction in the endogenous levels of GAs results in fruit abscission, whereas an increase in GAs (applied or endogenous) reduces abscission. Thus, it appears that fruits of Clementine mandarins probably do not have endogenous GA levels adequate for fruit set. Developing fruits of both Satsuma and Clementine contain GA53, putative 17-OH-GA53, GA44, GA17, GA19, GA20, GA29, GA,, 3-epi-GA1, GA8, GA24, GA9, and GA4 (Table II) . The identification analyses were performed on two consecutive harvests in experimental orchards that were never commercially treated with GA3. In contrast to previous results (23) , no evidence for the presence of GA3 or iso-GA3 was found. The above results may support the suggestion that young fruits of Satsuma (9, 23) and Clementine (23) have both the early 13-hydroxylation pathway (GA53, GA44, GA17, GA19, GA20, GA29, GA1, 3-epi-GAI, and GA8), which is the major pathway, and the nonhydroxylation pathway (GA24, GA25, and GA9).
In these mandarins, the logical precursor of GA4 might be 
GA9
. The results show also that levels of the 13-hydroxyGAs, GA53, GA44, GA19, GA20, and GA1, are higher in Satsuma than in Clementine (Fig. 2) . Interestingly, GA8 levels are higher in Clementine in the three stages analyzed. The 2,3-hydroxylation of GA, to GA8 is an inactivation reaction.
It is possible that in Clementine the ability to catabolize GA8 is reduced in comparison with Satsuma. Alternatively, Clementine might have higher rates of 2#-hydroxylation than Satsuma. Because the levels of all GA8 precursors are low, their turnover may be more rapid. In both varieties, GA4 levels do not differ greatly and GA9 levels are relatively very low (Fig. 2) . The relative contribution of GA20, GA4, and GA9 in the synthesis of GA1 is not known, but it is of interest that the GA20 content of Satsuma ovaries is at least 1 order of magnitude higher than those of GA4 and GA9. During petal fall, a twofold increase in the content of GA1 was observed in Satsuma in comparison with Clementine. In other physiological processes better studied, such as stem elongation, it has been shown that GA1 plays a pivotal role (11, 15) . Tall plants in Arabidopsis, for example, contain 34 ng GA1 g dry weight-', and a twofold reduction in the content of GA, is correlated with dwarfism (22) . In Satsuma and Clementine, PP333 applications result in fruit abscission, but applied GA3 can restore normal fruit set (Fig. 1) . Therefore, it should be concluded that GAs control the parthenocarpic development of fruits.
Application of GA3 does not enhance natural fruit set in Satsuma, although this treatment improves considerably fruit set in Clementine (Fig. 1) . This observation suggests that in contrast to Satsuma, developing fruits of Clementine do not have adequate levels of endogenous GAs for fruit set. We have also shown that levels of the 13-hydroxy-GAs are lower in Clementine (Fig. 2) .
In conclusion, (a) in Satsuma, high levels of endogenous GAs are associated with elevated parthenocarpic ability, and in Clementine, low levels of GAs are associated with reduced parthenocarpic ability; (b) applied GA3 improves fruit set in Clementine, but has little influence in Satsuma; (c) inhibition of GA biosynthesis induced by paclobutrazol results in fruit abscission in both varieties; and (d) exogenous GA3 counteracts PP333-induced fruit abscission also in both varieties.
Consequently, we propose that endogenous GAs control the parthenocarpic development of fruits in Satsuma and Clementine. This suggestion implies the occurrence of a threshold level for GAs in the processes of fruit set.
